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The perfomiance of microchannel 
devices is improved by providing turns, 
wyes, tees, and other junctions Aat pro- 
duce little dispenions of a sample as it 
traverses the turn or junction. The re- 
duced dispersion results frm contrac- 
tion (506) and expansion (510) regions «^ 
diat reduce the cross-sectional area over ^u^-l 
some portion of die turn or junction. 
By caieftilly designing tbc geometries 
of diese regions, sample dispersion in 
turns and junctions is reduced to lev- 
els compamble to te eflbcts of ordi- 
nary difRislon. A numerical algoritiun 
was employed to evolve lownlispersion 
geometries by computing dse electric or 
pressure field wittiin candidate config- 
urations, sample transport dmxigh &m 
turn or junction, and the overall effec- 
tive dispenion. These devices should 
^taUy increase flexibility in the de- 
sign of microchannel devices by pemiit- 
ting the use of turns and junctions that 
do not induce large sample dispersion. 

In particular, the ability to fold clec- ' 1 

tnophoretic and electrochromatographic 504 
separation columns will allow dramatic 
improvements in the miniaturization of 

these devices. The low-dispersicai devices are paiticulariy suited to electrochromatographic and clectrophoretic separations, as well as 
pressure-driven chromatographic separation. They are further applicable to microfluidic systems employing ettiier electioosmotic ot pres- 
sure-driven flows for sample transport, reaction, mixing, dilution or syntiiesis. 



BNSOOCID:<WO 006S337A1 I > 


FOR THE PURPOSES OF INFORHATION ONLY 


Codes used to identify States paity to tfic PCT on die fifont pages of pamphlets publishing intemadonal applications under die PCT. 


AL 

AM 

AT 

AU 

AZ 

BA 

BB 

BB 

BF 

BG 

BJ 

BR 

BY 

CA 

CF 

CG 

CH 

a 

CM 
CN 

cu 
cz 

DU 


Albania 

AxmenU 
Awria 
AonnHa 
AxatbaijiB 


BartMdoi 
Bclgfam 


Bolpria 


Betam 
Canada 

Cemral Afrkn RapubUc 

Swiuerland 
Cfited'lvdn 


Cuba 

Czech RepuUk 
OeonuriE 


BS 

Spain 

LS 

n 

FtalaDd 

LT 

PR 


LU 

GA 

Oaboo 

LV 

GB 

United Kiafdon 

MC 

GB 


MD 

GH 

Ghana 

MG 

GN 

Ovtea 

MK 

GR 



HU 

Hiu^aQf 

ML 

IB 

Mand 

MN 

tL 


MR 

IS 

Iceland 

MW 

IT 

Ilaly 

MX 

JP 

Japan 

^fB 

KB 

Kenya 

NL 

KG 

Kyi^yatan 

NO 

XP 

Detnoaitic PBople't 

^fz 


Repablicof Kona 

PL 

KR 

RepuMie of Korea 

PT 

KZ 

Kaiakiian 

RO 

tc 

Saint Lacia 

RU 

U 

Lisctaen»i3i8a 

S9 


Sri Lanka 

SB 

Ln 


5G 


Lnxeoiboaiil 

Ltfvia 

Mooaoo 

Republic of Moldova 
Madagaicar 
The fanner Yoioalcv 
RepobUecfl 
Mali 


Nt|ar 


Nbfwty 
New 2 
Poind 
Ponmal 
Romania 

RoMian PetefEjiga 


81 

SK 

SN 

SZ 

TO 

TC 

TJ 

TM 

TR 

TT 

UA 

UG 

US 

UZ 

VN 

YU 

ZW 


Slovenia 
Slovaida 
Senegal 


Chad 

Tofo 
T^pUttan 


IVinidttlaodTob^ 

Ukraine 

Upnda 

UnittdSWea of America 

UafaeUno 

VtaNan 


Sweden 
Sinfapoio 


1 


WO0Q/6S337 


PCT/US0OA>9722 



METHOD AND APPARATUS FOR REDUCING SAMPLE DISPERSION 
TURNS AND JUNCTIONS OF MICROCHANNEL SYSTEMS 


5 FIELD OF THE INVENTION 
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BACKGROUND OF THE INVENTION 
MicroChannel devices are finding increased use in the separation, 
identification and synthesis of a wide range of chemical and biological species. 
Employing transverse channel dimensions in the range from a few micioas to 
about one millimeter, such systems may permit the miniaturization and la^e-scale 
integration of maiqr chemical processes in a manner analogous to diat already 
achieved in microelectronics. Applications for microduumel devices now under 
development include such diverse processes as DNA sequencing, 
inununochromatography, the identification of explosives, identificatioo of chemical 
and biological warfiue agents, and (he syntiiesis of chemicals and drugs. 

In addition to the potential for large-scale integration, die small physical 
scales of microchannel devices offer a few inherent advantages over their 
traditional macro-scale counterparts. Traditional chromatographic sqiarations are 
usually performed in packed columns. The role of the packing is to provide a 
stationary phase having a large specific surface area for die adsorption of chonical 
species. Since various chemical species have different absorption probabilities and 
residence times on the stationary phase, diey move wiA different speeds throa^ 
die cohunn aiKi thus exhibit a range of arrival times at the column exit. Aldumgh 
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larger surface areas provide bener separation between arrival times, the use of 
packing materials causes nonuniformity of the fluid motion. This results in 
hydrodynamic dispersion of the solute bands or peaks used to distinguish the 
species. The benefit of the packing material is dius partially offset by tihe 
detriment of increased dispersion. This compromise can be avoided at the smaller 
scale of microchannel devices. Since the specific sarbce area of a tube or channel 
is inversely proportional to its minimum transverse dimension, microchaniiel 
columns may provide the required surface area widiout any need for a packing. 

One promising method of microchannel separation is electrochromatography 
in which electric fields are used to drive electroosmotic fluid motion. Such fluid 
motion results from the applied electric field acting on charges in die electric 
Debye layer adjacent to the tube or channel waUs, inducing a shear stress very 
near die boundary of die interior fluid. Electroosmotic flows offer two inqmrtam 
benefits over pressure-driven flows for die small physical dimensions characteristic 
of microchannel devices. First, fluid speeds in elecnoosmotic flows are 
independent of die transverse tube or channel dimension over a wide range of 
conditions, makiitg diis technique extensible to extremely small physical scales. In 
contrast, pressure-driven flows require a pressure gradient diat increases inversely 

with the square of the minimum transverse dimension to maintain a given fluid 
^leed. 

The second, more in^rtam advantage of elecoxwsmotic flows is diat die 
profile of die fluid velocity across a tube or channel is essentially flat over a very 
broad range of conditions. All variations in die axial velocity are confined to a 
small region adjacent to die mbe or channel walls. The diickness of this fluid- 
dynamic boundary layer is comparable to die diickness of die electric Debye layer. 
The benefit of diis flat velocity profile is diat sauries may be transported over 
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long ranges with very linle hydrodynamic dispersion due to nonmuform fluid 
speeds. Although dispersion in both electroosmotic and pressure^ven flows 
grows as the square of the Peclet number, the coefficient of dispersion in an 
electroosmotic flow may be many orders^f-magnimde smaUer than that for the 
parabolic velocity profile of a pressure-driven flow. In addition, this low 
coefficient of dispersion permits optimum operation of an electitx,smotic flow at 
very high Peclet mmibers. TOs minimizes the role of ordinary diffusion in 
electroosmotic flows, dius offering the potential for long-range transport in 
chromatographic columns with little axial spreading of solute peaks due to eiti«r 
dispersion or diffusion, litis is critical to chromatographic processes that identify 
chemical species by distinguishing die arrival times of closely spaced peaks or 


bands. 


Another promising approach to microscale chemical analysis is 
electrophoretic separation. Here die carrier fluid may be either moving or nearly 
stationary, and an applied electric field is used to drive ionic species tim>ugh a gel 
orhquid. Separation occurs because the ion speeds dq«nd on the unique charge 
and mobility of each species. Provided tiut ti« appUed field is uniform across die 
tube or duumel cross-section, all ions of die same charge and mobiUty move at die 
same speed and so progress along die column widiout any induced dispersion. 
Such motion is analogous to die flat velocity profile of an electroosmotic flow, and 
tiie various species dms again exhibit unique arrival times at die cohimn exit Like 
electrochromatographic processes, electrophoretic separations may be severely 
degraded by diffusion or dispersion. In die latter case, however, dispersion may 
arise not only from nonuniformity of die carrier fluid speed but may also arise 
direcdy from nonuniformity of die electric field across die cohmm ciws-section. 


Aldiough species motion in botii electrophoretic and electroosmojfc 
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may be relatively free of both diffusive and dispersive spreading in straight tubes 
or channels having parallel walls, any local variation in the fluid speed or local 
field strength introduces dramatic skewing of an otiierwise flat interlace or species 
band. Such skewing is known to occur in nims because die fluid moving along the 
outer radius of a mm must travel fiirther dian that moving along the inner radius. 
This difference in path length is compounded by the electric field gradiem which is 
greater along die shorter inner radius, resulting in a greater fluid speed along the 
shorter path. Thus, an initially flat interface wUl be severely skewed in passing 
through a oim. Moreover, because transverse diffusion quickly redistnbat^ 
solute concentrations across the channel, such skewing is irreversible, and the net 
effect of transport dirougb any mm or junction is a large and permanent 
broadening of any solute peak or interfile. Although diere have been a number of 
published studies which demonstrate and quantify die dispersive effects of mms *• 

* tiiCTc have been few prior attempts to remedy die problem. As a result, 
separations are generally performed in straight channels diat are limited in length 
by die maximum substrate dimension. This restriction limits die separation 
between peaks traveling at different speeds and. so, limits die resohition of 
sq»ration devices. 

Beyond separation processes, sample dispersion also plays an important role 
in ibe romine transport of a sample dirough portions of a micTOcbannel system. In 
many instances, sanqiles are injected into die channel system via a reservoir and 
dm tcan^rted to some remote location where die intended process is performed. 
Sanqile dispersion in turns and junctions en route to die new location results in 
smearing of the sample and the evenmal arrival of die sanqile in a progressive 
manner spanning some extended period of time. For processes such as mixing, 
dilution and reaction requiring simultaneous arrival of more dian one species or 
arrival of a sample at some prescribed concentration, such dispersion will dius 
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impair the system perfonnance. Likewise, synthesis via chemical reaction may 
require precise concentrations and the concurrem transpon of multiple species 
side-by-side in a single channel. In such a case, die dispersion induced by a tun 
or junction may physically separate die reactants by mbving one species ahead of 
or behind die odier. Minimizing dispersion m microchannel devices is dius 
important to system performance even for processes odier dian species separation 
and identification. 


Two differem approaches have been used in previous efforts to minimize die 
dispersion induced by mms* and by contractions at die ends of separation 
channels.^ NonW utilizes focusing electrodes to obtain a more unifonn electric 
field and. hence, a more uniform flow field in die tiansition between a separation 
capiUary and a detection region. Similar electrodes might also be used to alter die 
flow field and reduce dispersion in odier types of junctions but only at die cost of 
gready increased complexity in fid)rication and control of required electrodes and 
circuitry, particularly in large systems having a multitude of turns and junctions. 
The more passive approach of Kopf-Sill and Paice' seeks to reduce dispersion in 
mms by die use of advantageous channel geometries. In particular, diey 
recommend channels having small aspect ratios such diat die channel depdis aie 
much greater dian dieir widdis. The smaller channel widdi helps to reduce die 
difference in transit time along die inner and outer walls of a turn, diereby 
reducing dispersion. Kopf-Sill and Parce also suggest diat dispersion can be 
reduced by febrication of mms having a depdi along die inner radius diat is greater 
dan diat along die outer radius, diereby reducing die fluid speed along die inner 
radius. Aldiough diese measures are capable of reducing dispersion, channel 
aspect ratios near or above unity have a number of advantages, particularly in 
fabrication and in die introduction of a packing material or pattern of obstacles 
needed to snsreas© suri^ area or to insreass species sslectivisy. Moreover, 
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fabrication of the variable depth channels suggested by Kopf-Sill and Parce would 
substantially increase costs, since most conventional lithographic and etching 
processes produce channeU. channel molds, or embossing tools having a unifonn 
feature depdi. 

Kopf-Sill and Parce also indicate that dispersion can be reduced by 
narrowing die channel around a turn, but go on to state diat diis increases 
resistance through die channel, lowers throughput, and causes increased current 
heating and higher pressures. As a result of these perceived problems, they do noi 
pursue this approach but instead describe only deep narrow channels having an 
aspect ratio less dian one. 


SUMMARY OF THE INVENTION 
The present invention improves the performance of microchannel systems 
by providing turns, wyes, tees, and other juncticms that generate very little 
dispersion of a chemical or biological sample as it traverses the turn or junction. 
The reduced diqiersion results from turns and junctions having c(»itiaction and 
nqansion regions duu constrict die cross-section area in a portion of die tuia or 
junction. By carefidly designing die geometries of the constricted portion and 
adjacent contraction and npansion regions, dispersion produced by die uapmved 
turns and junctions is reduced by orders of magnimde below diat of conventional 
devices. Embodiments of die invention include: 45, 90 and 180 degree turns, 
wyes, and tees, as well as sample splitting devices and serpentine rhaiwAU for 
folding long columns into small areas. 

In one embodiment, the improved turns and junctions have rectangular 
cross sections and a uniform depdi, permitdng straightforward febrication by 
conventional etching, molding and embossing techniques. Ftoher, because die 
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turns and junctions are only moderately constricted over relatively shon distances, 
they do not lead to excessive increases in electrical resistance and Joule heating. 
This is made possible by the use of numerical algorithms to discern mm and 
junction geometries diat dramatically reduce dispersion by contraction and 
expansion regions that offset most of the dispersion that would odierwise occur. 

TTtis invention is applicable to pressure-driven chrom;^tographic separations 
electrochromatographic separations and electrophoietic separations, as weU as 
many microfluidic processes such as routine sample transport, sample mixing, 
sample reaction and species synthesis. It is also appUcable to chamiels and 
junctions tiiat are open, filled with a gel. or filled with a porous or granular 
material. 


BRIEF DESCRIPnON OF THE DRAWINGS 
HG. 1 is a schematic plan view of a microchamiel system for performing 
analyses of chemical and biological samples; 


HG. 2 is a schematic plan view of a microchannel system employing a 
folded cohmm to increase effective column lengtii and branching junctions to 
20 perform parallel processes and parallel detection; 


HG. 3 is a plan view of a standard (prior art) 90 degree tuniing chamiel 

which sample profaes (heavy lines) remain flat in straight enny section, but 
skewed dramatically as smple traverses the mm; 


m 

are 


HG. 4 is a plan view of a standard (prior art) 180 degree mm in which the 
increased angular extent of this mm increases the skewing of an initiaUy flat sample 
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HG. 5 is a plan view of an improved 90 degree turning channel wherein 
contraction and expansion regions yield a relatively flat sample profile dowostream 
of the turn; 

HG. 6 is a plan view of an improved 180 degree turning channel wherein 
die width of die constricted portion is about 35 % of die widdis of the inlet and 
oudet ends; 

FIG. 7 is a plan view of a standard (prior art) 45 degree roniing channel 
which produces very significam efTective dispenion. L*= 0. 183. even tiiough the 
included angle of die turn is £urly small; 

HG. 8 is a plan view of an improved 45 degree turning channel diat 
reduces die effective dispersion by a fector of about 100 to L*=s 0.0024; 

FIG. 9 is a plan view of an improved 90 degree turning channel having 
abrupt contraction and expansion regions, where abrupt changes in channel width 
yield a bowed sanq>le profile at die oudet end; 

no. lOis a plan view of an inqtroved 90 degree turning channel having 
gradual contraction and expansion regions that reduce bow of die sample profile at 
dK oudet end; 

FIG. 1 1 is a plan view of a standard (prior art) 45 degree wye dividing a 
sample, where die profile of each subsample is skewed by die junction yielding an 
effective dispersion of 1*^0. 183 at die oudet ends; 

FIG. 12 is a plan view of an improved 45 degree branching junction where 
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contraction and expansion regions reduce the effective dispersion by a fiictor of 
about 100 to L*=0.0023; 

HG. 13 is a plan view of an improved 90 degree branching junction where 
contraction and expansion regions and cusp-like divider yield an effective 
dispersion of only Z,'^s0.0055; 

FIG. 14 is a plan view of an improved separation column where the column 
is folded by low-dispersion turns such that dispersion produced by the tuimng 
channels is reduced to levels below that produced by ordinary diffiision in straight 
sections; 

HG. 15 is a plan view of an improved spUtting device where the length of 
sample travel along any path flirough the branch network is die same such duu sub- 
samples arrive sunultaneously at all outiet ends; and 

FIG. 16 is a plan view of an unproved splitting device where the device 
may be operated to divide a sample into a pluraKiy of sub-samples or to join 
sevoal sub-san^les into a single sanqile. 

HG. 17 is a flow diagram of the numerical algorithm used to confute the 
geometries of low-dispersion nuns and junctions. 

DETAILED DESCRIPTION OF THE INVENTION 
I. Goieral 

The presem mvention is directed to unproved microchannel devices, 
systems and methods of using same, which incorporate low-dispersion turns, wyes, 
tees, and other junctions. These improved devices are a^licable to bofe 
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electrochromatographic and electrophoretic separations, as weU as pressure-driven 
chromatographic separation. They are further applicable to microfluidic systems 
employing eidier electroosmotic or pressure-driven flows for sample transport, 
mixing, reaction, or synthesis. The present invention is applicable to aU channel 
depths and to a range of channel cross sections including, for example, rectangular, 
trapezoidal and triangular. The present invention also does not require variable 
channel depth eidier alcMig or across the channel. 

MicroChannel systems typically include multiple transport diannels 
interconnected with one another and widi one or more fhiid reservoirs. Such 
systems may be very simple, including only one or two channels, or may be quite 
complex, including a great many channels and reservoirs. Here we use die tenn 
microchannel system to mean any system having one or more channels. When 
such systems include fluid reservoirs, the reservoirs can serve bodi as a means for 
introducing chemical samples into the system and as a convenient location for 
electrodes connected to an electric comroUer. This controller is used to ^fy 
electric potentials diat induce electroosmotic or electrophoretic transport aloqg the 
channels. Since die transport speed of differing species depends on tiieir 
adsoipdoa characteristics and relative ratios of ion charge to mobility, 
microchanoel devices are commonly used to perform chemical or biological 
separation processes. The arrival of separated species peaks or bands is monitored 
at diaimd oudets, usually by optical detectors. The timing and intensity of die 
detector response is then used to infer die composition of die sanqile niwW 
analysis. 

Microchannels generally have at least one internal transverse dimension that 
is less dian about 1 mm, ^ically ranging from about 0.1 to 500 ^m. Axial 
dimensions of diese microchannels may reach to 10 on or more. A netwoifc of 
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cl^meu ml r«crvoirs is fabric.^, . p,,^ ^ ^ 
mold^g. .^bossing „, s^i. u,Ho^ «d ch^id e«htag p™««es 
developed by d,e ™icro.le«™,dcs u.l«„ « .„„ ^ „ ^ 

oHcrocba.*! sy,tt„« on silicon a«. gta, sub««« 1,.^, dim«,sio« 
rangingup»tt,„„fc„^. Similar e<cl^ p,„c«s« ^ „ 
febncaa microchaiiiiel devices on polymeric substnies ach « 
P0lyme4yta.te.yl«e (PMMA). pol,c.rt»n«.. p.Iywr,fl„oroe<bytenc 
(TEFLON), polyvinylchloride (PVO. and polydinMhyMoxane (PDMS) 
H««ver. mass p^dncdon of mi«ochanne, devices is „„„ efflcienfly p.rtbnn«, 
by samping. embossing or inj«:don molding of polymeric mattrials using «^ „ 
molds have been p,oduc«l by li-bography and etching or by etorofcnning 
After ftbricadon of a microchannel nenvoric on a pU«ir snbsWB i, is m,« 
one or more planar sbeee to. seal cbannd »ps and/0, bo«™ ,4ite p,<„iji_, 
access holes fbr flaid ir^ectton and exncdon pons a. wen as electtic.1 
connections. I" m« «* ftbricadoo process.,. 4. channel geonwie, 
imdally imprin^d by ^ ^ 

el»™i dimaision, dcflned by digiol daa s«, or by scandng images like d^ 
disclosed herein. 

Figu« 1 schenatically Ulustrates a representative chemical analysis system 
lOOfibricatedonaplanarsubstntelOl. The fluid reservoirs 102. 104. 106 and 
116 have access ports (not shown) that permit injection or extraction of fluid 
Ihioughthetoporbottomfecesofthesubstraie. Tl«se pom may also be used to 
comrol the hydrostatic pressures in reservoirs, or tbey may be left open to 
namtam reservoir pressures equal to the amiospheric vahie. Similar access holes 

are used to insert electrodes 103 dm are competed to a controUer 105 used to 
control die electric potentials within the reservoirs. In the system of Figure 1 a 
fluid sample is initially injected into reservoir 102 aai then t^n^ 
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channel 108 by raising the electric potential or pressure of reservoir 102 above that 
in reservoir 106. After completing this step, the separation channel 112 contains a 
small volimie of the sample within the junction 110. The small sample is then 
moved forward along the separation chamiel 112 by raising the electric potential or 
pressure in reservoir 104 above that in 116. Because of differences in sur&ce 
adsorption, ion charge, and ion mobUity. differem species within the sample move 
along the separation channel at differem speeds. As a result, the sample separates 
into a series of bands that are detected as they pass through a detection device 
114 located toward the end of the chamiel. The contents of ilie sample are mfened 
from the observed arrival times of the separated bands. 

Chemical or biological samples are transported through microfluidic devices 
by electroosmosis. electrophoresis, or by pressure driven flow. In electroosmosis. 
bulk flow is induced by applying an electric field to a fluid containing a net mobile 
charge widiin die Debye layen adjacent to channel surfaces. In electrophoresis, by 
contrast, there is generally no bulk motion of the fluid or gel contained widiin die 
separation channels. Instead, the appUed electric field causes migration of ionic 
species dirough a substantiaUy stationary fluid or gd. at speeds tliat depend on die 
ion charges and mobilities of the species. Both of these processes may occur 
simultaneously when an electric field is applied to a fluid, diough one is usuaUy 
dominaoL In pressure driven flow, bulk fluid motion is induced by applying a 
pressure difference between channel ends. TTie present invention is applicable to 
an electroosmotic and electrophoretic devices and to pressure driven devices having 
channel deptbs small conpired to dieir widths. 

To obtain the desired species separation, the separation channel 112 may be 
filled widi a separation mattix such as gel or a porous or granular material. Gels 
are often employed as die stationary phase in electiwphoretic separations. Porous 
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and granular materials are often used in chromatographic separations to increase 
the surface area and provide a specialized adsorption surfiice known to selectively 
retard particular species. Alternatively, the separation matrix used to increase 
surfece area may be a small-scale pattern or array of obstacles fabricated widiin die 
chamusl. The selectivity of these febricated surfeces may also be altered by coating 
or chemical processiAg. Thus, to effectively identify the contents of an unknown 
sample, it may be transported simultaneously through multiple separation channels 
having different separation matrices diat selectively adsorb different species. Such 
a system is shown schematically ia Fig. 2. 

Figure 2 illustrates a more complex chemical analysis system 200 that 
includes a pair of folded or serpentine separation channels 214 and 220 ftbricated 
on a planar substrate 201. Inanalogy to die discussion of Fig. 1. the sample is 
introduced into reservoir 202 and transported tiirougb chamid 208 toward reservoir 

206. This sample motion is induced by using a controUer (not shown) to raise the 
electric potential of the electrode 203 in reservoir 202 above that m reservoir 206. 
Alternatively, sample motion may be induced by applying pressures to reservoirs 
202and206. Then, to move the sample tiirough die system, die electric potential 
or pressure in reservoir 204 is raised above diat in reservoirs 218, 228 and 230. 
As a resuh. die volume of sample residing in junction 210 is transported tiirough 
die branching junction 212 which divides the sample into a pair of sub-samples diat 
are dien transported dirough die separation channels 214 and 220 towaixl the 
detectors 216, 224 and 226. Anotiier branching junction 222 is used to divkle die 
sample leaving separation channel 220 into a pair of sub-samples diat are sent to 
separate detectors having differing detection capabiUties. Similarly, a confluence 
junction could be used to route samples coming ftom multiple separation channels 
toward a single detector. 
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The serpentine separation channels 214 and 220 are folded back upon 
themselves to permit fabrication of long channels on small substrates 201 or witiiin 
smaU areas of a larger substrate. Long separation channels are beneficial in 
producing wider spacing between species bands moving at differing speeds along 
the channel. However, any dispersion or spreading of species bands reduces the 
ability to distinguish closely spaced peaks. Thus, effective use of seipentine 
channels is critically dependent on low^persion turning channels, like those 
disclosed here. 

In addition to the squration devices shown in Figs. 1 and 2, mlcrofluidic 
devices can also be used to perform a broad range of chemical reaction, mixing, 
and synthesis processes currendy performed at larger scales. Such devices 
generally involve a large number of transport channels mterconnected by numerous 
junctions. As m separation, many of the chemical processes performed by these 
devices are degraded by axial dispersion of conqwsitional inierfeces. Thus, die 
broader utility of die present invention is to provide aims and junctions that 
mininuze dispersion and hence enable die design. £abrication, and operation of a 
broad range of microchannel devices. 

n. Madionatical Model 

A n mnerical model describing species transpon m dectroosmotic flows was 
developed and used to simulate, quantify and remedy dispersion occotring in 
nucrodiamiel turns and junctions. Aldiough diis model is capable of resolving die 
electric potential and ion concentration gradients widiin Debye layers, diese sur&ce 
byers are usually orders of magnitude smaller dian die transverse channel 
dimensions. Under fliese conditions, die governing partial differential equations 
need only be solved in die electrically neutral core of die flow where die electric 
potential satisfies die L^lace equation. Once die electric potential is known, its 
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longitudinal gradient can be used to calculate the fluid speed immediately adjacent 
to the channel walls; the constant of proportionality depends on several parame«« 
such as fluid viscosity and th, Debye layer thickness that are independent of 
position and time. Further, since the fluid flow is incompressible and inotational 
within the electricaUy neutral core, the streamlines of the flow are coincident with 
the electric flux lines. Such flows, known as potential flows, have been soidied 
extensively in cases where the driving potential is pressure; in the present case, it is 
the electric field. Consequentfy, a single solution of the Laplace equation, suitably 
scaled, depicts both the electric potential and the corresponding flow field for any 
fixed channel geometiy. 
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Tbt same mathematical model also describes ion motion in electrophoresis 
through a relatively stationary phase, as weU as die bulk fluid motion in some 
pressureslriven flows. Like electroosmotic fluid speeds, electrophoretic ion 
speeds are proportional to the gradient of die electric potential. Hms 
electrophoretic ion motion is completely analogous to fluid motion in 
electroosmotics. Similarly, die fluid velocity of a pressureKlriven flow in a packed 
channel is proportional to the gradient of the pressure fidd. which for 
incompressible fluids also satisfies die Laplace equation. THe same equations also 
describe die depth-aveiaged speed of pressurenlriven flows, often called Hele- 

Shaw flows, m unpacked channek having a chamiel dq)th that is imich sm^ 
tbantbewidlh. InaUoffliese cases, the fluid or species motion obeys die same 
goveniiqg equations as tiiose outiined above for electroosmotic transpon. lHus. 
tbe dispersion associated widi nonuniform fluid speeds across a channel may be' 
calculated in die same mamier. Similarly, any remedies to dispersion in 
electroosmotic flows also serve as remedies to dispersion in electrophoretic 
processes. Hele-Shaw flows in shallow chamiels, and pressurenlriven flows in 
packed channels. 
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Here the electric field equation was solved by an invened approach. In this 
approach, die dependent variables are die unknown values of die spatial 
coordinates, x and >. and die independent variables are die electric potential, 
and associated stream function, ij;. The advantage of diis approach is diat the ' 
computational domain is always rectangular in die e-?^ domain, since the stream 
function is constant on channel walls and die electric potential or pressure is 
uniform across stiraight sections of a channel. The governing equation on die 
inverted domain is still die Uplace equation. It is easUy soWed by finile- 
difference mediods in die rectangular «-i«r domain, regardless of die geometric 
complexiiy of die channel boundaries in the physical x-y domain. This inverted 
approach has been previously used to solve free boundary problems in 
aerodynamics, electrochemical machining • and wormhole growdi in sohible 
materials ^. 

After obtaining a finite-difference solution to die Laplace equation for a 
candidate channel shape, local transport speeds. V, are calculated from the 
potential field gradients at aU mesh points. Numerical integration of the function 
<*=<ir/V along each streamline dien yields die travel time of Ugiangian tracers 
simultaneously released fixmi a cross-sectional plane upstream of die turn or 
junction. These time sequences are dien interpolated for chosen vataes of time to 
find die simultaneous locations of all tracers. These points are dien connected, as 
shown in Figs. 3 and 4, to illustrate die distortion of a sanq>le profile as die sample 
moves dirattgh a turn. This computational mediod has been vaUdated against 
measured profiles in conventional 90 and 180 degree dims. As exphuned further 
below, die mean axial position and standard deviation of die tracer locations 
servers as a direct measure of dispersion. Given die dispersion for diis candidate 
channel shape, a new channel shape yielding stiU lower dispersion is discerned and 
diis pn)cess is njpeated until no fimher improvemem is possible. A flow diagram 
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illustrating the overall numerical procedure is shown in Fig. 17, 

The term "low-dispersion" when employed to described the various 
embodiments of die present invention means diat these geometries produce sample 
dispersion diat is one to two oiders of magnitude smaUer than that produced by 
conventional aims and junctions. While diese low dispersion nims and junctions 
yield minimum dispersion given die prescribed geometric constraints, it is 
generally possible to obtain fiirtfier reductions in dispersion by introducing more 
freedom in &e allowable mm geometiy . For example, it will be shown diat in 
general larger radius mms and junctions produce relatively smaller sample 
dispersion. However, this reduced dispersion comes at the cost of increased 
substrate area required for the turn or junction and a smaUer cross-sectional area 
of the constriction. The first of these drawbacks undermines one of the principal 
benefits of die present mvention; diat is. complex chamiel networics can be turned 
or folded to occupy smaUer substrate areas. TTie second of tiiese drawbacks leads 
to large gradiems of die pressure or electric potential widiin the constriction and 
the associated problems of excessive driving pressures or of excessive Joule 
heating and bubble formation via electrolysis. 

The tow-dispersion shapes computed here are valid for all channel depths, 
provided diat die channel cross-sections are rectangular and die depdi is uniform. 
20 They are also reasonably vaUd m describing die top surfiice or any other horizontal 
cut dirough channels diat have trapezoidal or triangular cross sections and roughly 
uniform deptii along die channel center, and are further reasonably valid in 
describing circular or rounded channels provided diat die widdi of diese channels 
is defined as die maximum transverse channel dunension. Similariy, die computed 
geometries do not depend on die properties of die fluid, die waU potential, or die 
strengdi of die electric field, so long as die Deby@ layer rsmaios dim compass to 
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the transverse channel dimensions. This restriction is satisfied for channel widths 
greater than about 0. 1 Mm, since the Debye layer diickness is typically on the 
order of 10 to 100 molecular diameters. Indeed, if this restriction were not 
satisfied, dispersion in straight channels would be unacceptable and as a practical 
5 matter the chemistry of the carrier or buffer fluid would be adjusted to reduce the 
Debye diickness. Thus, the channel shapes presented here may be regarded as 
universal so long as die width is interpreted as the Uteral channel dimension at a 
fixed vertical elevation. 

m. Diqiersion Induced by Conventional Turns 

10 Before describing die low-dispersion oims and junctions of the present 

invention, it is first instructive to review sample dispersion for conventional 90 and 
180 degree mm. Fig. 3, illustrates a conventional 90 degree turn 300. As seen on 
the lefk side of Fig.3, the calculated flux lines 302 and isopotential lines (304) are 
each straight and paraUel at die inlet end 306. These meshes become somewhat 

15 distorted within die mm, but remm to a straight and paraUel orientation at the 
ouUet end 308. This local distortion occurs in part because the path length along 
die outer channel waU 310 is longer than that along the inner rhanwwt wall 312. 

Aside from this difference in pafli lengUis, die closer spacing of the isopotemial 
lines along the inner raduis of these aims indicates diat fhiid or ion speeds are 
greater along this path. Again, bodi fluid and ion speeds are everywhere 
proportional to the electric field snength. Figure 4 shows similar results for a 
convendonal 180 degree aim. 


20 


The heavy lines 314 superposed on Figs. 3 and 4 illustrate die evolution of a 
sample profile and dispersion of a single ion species in electrophoretic motion, or 
of any inen non-diffusing sample carried by an electroosmotic flow, or by some 
pressure-driven flows. Each sequence of lines shows die time history of an 
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initially flat sample profile injected into 4e leftmost cham«l boundary Since tb. 
electric field and fluid veloci^. are uniform across the entry section, every portion 
ofd^esamplemovesintothisiegionatthesamespeed. TTu. sample profUe • 
therefore remains initiany flat and orthogonal to the channel wails as it starts 
downstream. However, as the sample enters the turn, those portions nearest the 
umer radius begin to move ahead as a result of greater potential gradient or 
(equivalently)thegrea«rfluidspeed. TT^e outermost portion of the sample 
^emually requires several times longer to complete the mm fuUy than does than 

-erm..., '^""'^J' Wis difference in transit times is due to the 

<^ of two difference in path length; the remainder is due m difl^ 
speed and field strength. Once the emire sample has completed the turn, the 

sample profile propagates downstream widu,ut further alteration. Simitar results 
for die 180 degree turn are shown in Fig. 4. 

Molecular diffi^ion is not inchided in the calculations 
« of secondary importance to the dispersion caused by mrns and ji^ 
influence of diffeion depends on die Peclet number. Pe=«a/2>. which is on the 
01^ Of 100 for fluid or ion speeds. imm/s. channel widths. lOO ^ ^ 
<lifiUsioncoeflfcients.D=10-mVs.typicalofmicrofl^^^ 
sample win travel about 1 00 chamiel widths in the time it takes for diffusion to 
tiaverseonechamielwiddi. T^e Peclet number must be fltis large to prevent 
severe axial spreading of samples within typical chamKl runs, even in the absence 
ofmmsandjmictions. As such, diffusion should not have a significam uifluence 
on the scale of a mm. Downstream of a mm. however, transverse dif&sion will 
irreversibly spread a skewed sample profile across die chamiel to produce a 
relatively miifomi sample slug having a lengti, defined by tiK leading and trailing 
edges of die sample profiles shown in Figs. 3 and 4. 
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The normalized variance. I*=(a/a)^ of the sample profile serves as a 
measure of the dispersion resulting from a turn or other junction that disnirbs 
sample motion. TTie variance, d, is calculated in a region of parallel motion 
severalchannelwidthsdownstreamofthenimorjunction. ITiemeanaxial 
position of the sample is first determined from the local sample positions; after this 
the deviations are computed, squared and summed in the usual fiishion. When 
normalized by the channel widdi. the variance is proportional to the length. L. of 
straight channel required to produce a diffusive spreading equal to diat due lo'the 
turn or junction. L*=7Ua/Pe^{a/a)\ Thus for a Peclet number of ft* 100 and 
normalized spreadiog length of L*= 1. die dispersion caused by a junction is the 
same as dutt occurring by diffusion alone in a straight run of 50 chamiel widths 
(L/a=50). 

nie 90 and 180 degree turns shown in Figs. 3 and 4 produce normalized 
dispersions of L*=0.645 and L*=2.786. respectively. Tims the standard 

deviation, <n is rougMy doubled by mraing dirough an angle diat is twice as large. 
The dispersion of a mm also depends on die ratio of die outer and inner radii, 

which are two and Uiree in Figs. 3 and 4; tiiese are both ahnost asymptote 
large, so have Uttiefimher affect on dispersion. Aldiough radii ratios near unfty 

are prefernxl in minunizmg dispersion ^ such gradual turn occupy touch moie 

space and, for dm reason, cannot be used to configure die densdy i»cked channd 
arrays needed for large-scale integration of microchannel chemical processes. 

However, if tight turns like diat m Fig . 4 are used lo fold long channels onto small 
substrates, die mming dispersion would far exceed tiiat occurring in die straight 
sections. There is dius a need for nun and junction geometries tiiat produce 
nunimal dispersion, whOe also conforming to prescribed space limitations. 

IV. Low-Dispersion Turns 
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Dispersion in microchannel turns can be reduced dramatically by the use of 
engineered geometries. like that shown in Fig. 5. Tlie 90 degree turning chamiel 
500 in Fig. 5 includes inlet and ouUet ends 502 and 504 respectively, generally 
having paraUel channel walls, a contraction regions 506 in which the cross- 
sectional area of the channel is reduced, a constricted region 508 defining the 
minimum cross-sectional area, and an expansion regions 510 in which the cross- 
sectional area increases to die original inlet vahie or to some new channel size. In 
Fig. 5, the constricted region spans about 30% of the included angle of the turn, 
defined here as the angle between ihe main directions of sample motion at die inlet 
and outiet ends. However, the constricted region may sometimes span nearly 
100% of die included angle of the turn, as shown Uter in Fig. 6. In stiU other 
cases, die contraction region may be directly joined to the expansion region such 
that the angle spanned by the constricted region is essentiaUy zero. Moieover. the 
direction of sample motion may vary in any of the contiaction, constriction and 
expansion regions of a turning <;hannel. Thus, die sample may be tumii^ even m 
regions in which the cross-sectional area varies. 


The effectiveness of these turning channels is iUustrated in Figs. 5 and 6. 
For diese unproved geometries, die 90 and 180 degree turns induce effective 
dispersions of only L*=0.0057 and 0.0071, two orders of magnitude less dian 
iheir counterparts in Figs. 3 and 4. This improved performance is mainly due to 
fliree factors. First, die contraction and expansion are formed by resb^ing only 
die inner wall. Thus, for die channels shown in Figs. 5 and 6. die out» wan of 
die turning channel consists of linear segments at die into and oudet ends joined 
25 by an are of fixed radius spanning die entire inchided angle of die turn. The outer 
walls of diese low-dispersion aims dierefore resemble die outer wall of a 
conventional mming channel. In diese cases, only die inner wall of die tumiqg 
damsl is configured to form die contraction m& expansion regions of tee low- 
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dispersion devices. This increases the path length along the inner channel waU 512 
in Fig. 5, making it nearly the same as the outer path length along the outer waU 
514 in Fig. 5. Second, the outward movement of the inner wall produces a turn 
radius ratio much closer to unity. This helps to reduce dispersion occurring within 
5 the now constricted turn. Third, the width of the constriction and proffles of the 
expansion and contraction regions are designed such that the expansion and 
contraction produce skewing of the sample diat just offsets diat induced during die 
turn. This results in a sample profUe leaving the turn 516 m Fig. 5, that is 
sligbdy bulged but is nonetheless substantially perpendicular to die direction of 
10 sanq>le motion. 

The mm geometries shown in Figs. 5 and 6 were designed using a 
computer program that combines the transport model previously described widi a 
least-squares minimization algoridmi. Although this code is fully general in its 
architecture, the examples presented here are limited to cases baving coolractions 

15 and e^)ansions that mirror one another. The mm geometries shown in Figs. 5 and 
6 are described by three independent parameters: the width of die constriction; the 
angular span of the constriction: and a value describing the shqie of die smoodi 
contraction and expansion before and after fbe constriction. TTie sohitions bave a 
number of interesting features. The contraction and expansion regions are ahnost 

W linear, dumgh they are fiee to exhibit a very wide range of profiles. The 
contractions and expansions extend just into die tum, diough diey could have 
ended eidi» well into or well outside. Finally, dte widdi of die constriction is 
about 40% of die widdi of the inlet and outiet ends for die 90 degree case; it is 
about 30% for die 180 degree mm. These minimum widdis provide an ideal 

15 balance between die benefit of a radius ratio near unity and the detriment of a very 
strong contraction and e^qiansion. However, die prefierred amount of constriction 
depends not only on die turning angle but also on die radhis of curvature of die 
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turn and the lengths of the contracuon and expansion regions relative to the 
Channel width. Thus, die preferred widd, of die constriction generally varies from 
about 20% to 80% of die channel widdi at die inlet end of die turn. 

These engineered contractions and expansions are designed to skew the 
sample proffle in a mamier diat just offsets die sample distortion occurring in die 
turn. During eidier contraction or expansion, die longer lengdi and slower speeds 
along die inclined imier wall tend to retard progress of die sample portion moving 
along diat surface. As seen in Figs. 5 and 6. die sample pronies tiius rotate 
clockwise as diey approach die mm. The turn produces an opposing rotation diat 
is about twice as large, but diis is reversed again during die expansion diat 
foUows. Sample portions moving along die two opposing channel walls dius reach 

die exit plane at nearly die same time, but stiU sUghdy behind Uiose portions 
traveling near die channel center. 

AU contractions and expansions lead to some dispersion of a sample, 
whedierornot a turn orjunction occurs wifliin die constriction. This is because 
sample portions nearest die channel center generally move fister duough die 
expanding and contracting sections and have a shorter padi lengdi dian diose 
moving along die longer walls. TTie difference in padi lengdis and amount of 
dispersion lypicaUy increase widi die contraction and expansion area ratios. 
However, fijr a given area ratio, die dispersion can always be reduced by mote 
gradual ccMitraction and expansion. 


Figures 7 and 8 next illustrate die benefit of a low-dispersion 45 degree 
turn. In each case die outer radius of die mm is twice die channel widdi. Hie 
first of diese shows transport dirough a standard turn, yielding an effective 
25 dispersion of I*=0.18. Despite die relatively smaU included angle of die tarn. 
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this stai represents very significant dispersion of the sample. In contrast, the low- 
dispersion nim shown in Fig. 8 yields a normalized dispersion of only 
Z,*=0.0024. nearly a factor of 100 below that of the standard mm. Further, this 
dramatic improvemem in performance is obtained by a constriction in the aiming 
5 channel that is still 46% as wide as the inlet and exit ends. 

Figures 9 and 10 illustrate the reduction in dispersion achieved by more 
gradual contraction and expansion. Bodi of diese elbows have an outer ladhis of 
two channel widths. Both are low-dispersion geometries, but are subjeet to 
differing constraints on the size of the region available for contraction and 
expansion. In Fig. 9 this region is a square domain of one channel width. TTie 
effective dispersion for this case is Z.*-0.0I1. However, by increasing die size of 
the permitted domain to two channel widths, as shown in Fig. 10. die dispersion is 
reduced by ahnost a factor of three to L*=0.0036. This reduction is partiy due to 
the more gradual connraction and expansion, but also partiy due to a decrease in 
the ideal width of die constriction for die more gradual contraction and expansion. 
Aldiough further reductions in dispersion can always be gained by increasing the 

available space, diese benefits come at the cost of reduced feanire density wiito 
fixed subsoate size. 
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Hie preferred lengdis of die conoaction and eqiansion regions are 
detenained by practical tradeoffs between reduced dispersion and very narrow 
channel widdis. If die contraction and expansion regions are too short, dispeision 
may not be reduced to acceptable levels. On the odier hand, very long contraction 
and expansion regions generaUy yield ideal consttictions of smaller widdi, leading 
to possible problems witii Joule heating. TTius, die prefened lengdis of die 
25 contraction and expansion regions usuaUy range from about one to five times die 
widdi of die inlet channels. Of course, die contraction and expansion lengdis need 
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not be the same, though they are in the specific realizations presented here. 

Another method for reducing the inherem dispersion of a contraction and 
expansion pair is to place streamlined obstacles on the channel centerline either 
upstream or downstream of the junction. These pbstacles increase the path length 
and reduce die ion or fluid speed well away from the channel walls, reducmg the 
disparity of sample arrival times at die exit plane. A single weU^iesigned obstacle 
will produce a centerline arrival time nearly comcident with those for paths near 
die channel walls. The first arrival wUl tiien occur at a location midway between 
the channel center and die wall. Of course it is possible to retard that new first 
arrival by die placement of additional obstacles, centered on tiiose transverse 
positions, but die number of obstacles increases and die marginal gains diminish 
with each new set of obstacles. 


V. Low-Dispersion Junctions 

In addition to nims, bdier types of junctions are needed to subdivide 
15 samples and join sub-samples togedier. Here flie term junction wiU be used to 
describe any device having multq)le inlets or multiple oudets or bofli. Blanching 
jtmction describes fliose devices having more oudets dian inlets, while confluence 
junctions have more mlets dian oudets. It is clear dut branching and confluence 
junctions may be die same physical device and differ only m die directions of 
transport dmmgh die junction. To describe specific types of junctions, we largely 
adopt here the ^miliar terminology of die plumbing industry, wyes, tees and 
crosses, but all of diese are special cases of branching or confluence junctions. 
The term wye is used here to describe any junction having a single udet and two 
oudets as well as any junction having two inlets and a single oudet The two 
25 configurations are interchangeable because die dispersion diat occurs is essentiaUy 
die same regardless of die transpon direction. Under diese definitions a tee is s 
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special case of a wye having an angle of 90 degrees between the inlet and both 
oudet ends. 

Figures 11 and 12 Ulustrate the fate of samples spUt by wye junctions. The 
standard wye shown in Fig. 11 produces a normalized dispersion of L* =0.183. 
5 This is reduced by nearly a factor of 100 to L* =0.0023 by the low-dispersion 
geometry shown in Fig. 12. 

As widi die nuning channels, branching and conflii^« juoctions. 
including inlet and outlet ends. 1202 and 1204 respectively, are generaUy defined 
by parallel channel walls, one or more contraction regions 1206 in which die 
10 cross-sectional area of die channel is reduced, one or more constricted portions 
1208 defining minimum cross-sectional areas, and one or more expansion regions 
1210 in which die cross-sectional area increases. The contraction and e}q)ansion 
regions extend somewhat into the turn, die constriction widdi is about 40% of die 
outflow channel widdi, and die constriction spans about 40% of the inchided angle 
15 of die mm. In addition, die oudet channel walls interior to die junction 1214 meet 
to form a cusp 1212 facing die inlet end. TUs cusp divides the sample smoothly 
widiout a stagnation zone. As witii die niming channels, the geometry shown m 
Fig. 12 provules nearly equal lengdi of travel along bodi inner 1214 and oata 
1216 diamiel waUs. In die case of die wye, however, die padi along Ae inner wall 
b^ins at die center of die inlet end, passes dirough die cxap, and dien follows die 
interior walls of die two oudet channels. Similar feanues are appaiem in die low- 
dispersion tee shown in Fig. 13. 

The dimensions that characterize preferred junction gieometries are 
essentially die same as diose explained earlier for turning channels. The 
25 constricted portion of a low-dispersion branchmg junction should gaierally have a 
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width that is between 20% and 80% of die widdi of the oudet ends. Similarly, 
lengths of die contraction and expansion regions should generally range from aibout 
one to five times die widdi of die inJet. Also as widi turning chamiels. d« span of 
die constricted portion of a branching junction may include nearly aU of the 
included angle or may nearly vanish such diat die comraction and expansion 
regions join almost direcdy to one anodier. 

Orthogonal cross-junctions or side-branched tees are also needed to inject 
samples into a main cbamiel containing a earner fluid or gel. To perfoim such 
injection, die sample is usually driven into or across die main channel before 
applying die pressure or electric field diat drives sample motion along die chamiel. 
The goal is to mject a nanow. shaiply-defined slug for subsequent separation. 
However, dispersion occurring during and just after injection generally results in a 
longer, more difRise sample profile, gieady reducing die ability to distinguish 
species having similar transit times. The invention described here sbouU prove 

15 beneficialindesigningsamplemjectionjunctionsdiatminimizedispetsion. Here 
again, low^lispersion devices will employ die contraction of chamiel widths, an 
injection process at die reduced or constricted scale, fbllowed by «q»nsion back to 
the final channel widdi. 
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Still anodier means to aUow more geometric freedom is to vary die profiles 
ofboflidieimierandouterradnofdiemrnorjmiction. All of die low-dispersion 
geometries shown dius ftr have been constructed by altering only die inner wall of 
die mm. Designs in which bodi inner and outer walls are displaced have also been 
examined. The results of diese calculations show diat dispersion can be reduced 
somewhat below diat for geometries in which only die profile of die inner waU is 
varied. However, geometries in which bodi walls are varied geneiaUy yield 
smaUer widdis of die constricted ponion which is geseraUy not desirable. Tfeg 
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geometries shown here thus represent preferred embodiments for most 
applications, but are not intended to indicate that varying both channel walls is not 
beneficial in some instances. 

VI, Serpentine Channels Having Low-Dispersion Tunis 

Beyond simple elbows, tees and wyes, the present Invention enables the 
construction of pressure-driven chromatographic columns, electrochromatographic 
columns, and electrophoretic columns that are not straight, but are instead folded 
back and forth so as to place a much longer effective separation column within the 
bounds of a fixed substrate area. Current designs, employing only straight 
separation columns, not only make very poor use of the avaihible substrate area, 
but also drive manufacturers to large substrate sizes just for the purpose of 
obtaining sufBcient column length. By folding the column, widiout introducing 
significant additional dispersion, both of these problems can be soWed. 

Figure 14 illustrates one embodiment of die use of lownlispersion tuns to 

15 fold a long cohimn into a very small space. The turns used in this embodiment 
yieW an effective dispersion of only about 0.0095. For a Pfedet number of 100, 

each tuni produces a dispersion equivalent to diffusion occurring in a straight 
section having a length of only one-half a channel width. Even at a Ftelet number 
of 1000, diis equivalent length increases only to about five channel widths. The 

20 araight sectfons in Fig. 14 arc roughly 20 channel widdis In lengfli. TTius for diis 
range of Pedet numbers, the total induced dispersion of turns will be only 2 to 
20% as large as the difRision in straight sections. This result is independent of die 
total number of turns and sections since each section is associated widi only one 
turn. Moreover, die turn dispersion relative to diffiision m soaight sections 

25 decreases as die channel lengths increase. As such, folded columns of arbitrarily 
long length can be constructed provided diat die ratio of die straight section length 
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to the channel width remains larger than about 0.005 times the Peclet number. In 
contrast, conventional turns would yield a normalized dispersion over 300 times 
greater than those shown here. For a Peclet number of only 100, such 
conventional nims would produce a dispersion equivalent to diffusion in a straight 
section having a length of nearly 160 channel widths. 

vn. Structures for Splittmg and Joining 

Figures 15 and 16 iUustrate another embodiment of the present invention. 
These two devices enable splitting a single sample into any even number of 
snaUer. but odierwise identical, sub-samples. Using these devices, a siitgle 
sample can be routed to a coUection of separation or processing channels each 
having die same or differing functions. Such multichannel processiiig is needed, 
for example, to identify die composition of an unknown sample diat might contain 
a broad range of possible chemical or biological species. The sample splitting 
strategy of our invention is preferred to making separate mjections into each of the 
processing channels because separate injections would require a multiplicity of 
injection channels, electrical connections, and electrical controls. In comparing 
Figs. 1 5 and 16 it is apparem that the smaller splittiiig angle of Fig . 1 6 provides a 
more compact channel strucmre thereby conservmg space on die substrate. A 
smaUer splitting angle is also beneficial m reducing dispersion. 

20 The branching devices shown in Figs. 1 1 and 12 not only serve to divide a 

sample. Simply by transporting sub-samples in die reverse direction, these devices 
may also be used to join sub-samples in confluence at a smgle detector or other 
processing site. In die two iUustrative geometries, the end-to-end paths through all 
branches are die same lengdi. yieldmg simultaneous arrival of aU sub-samples at 

25 the exit plane. However, sub-sample arrival times can be tailored to any desired 
pattern by varying the lengths of die linear segments joining flss ^es aM mm. 


15 
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For example, sequential arrivals might be advantageous in routing multiple sub- 
samples to a single detector. In this instance it is also likely that cbanael widths 
would remain the same at successive junctions. The same would also be true of 
switching junctions specifically designed to route an incoming sample into just one 
of the outgoing branches, depending on the pressures or electric potentials applied 
to each of die legs. 

r 

The tree-like splitting or joining devices shown in Fig. 15 and 16 are each 
constnicted by assembling only two basic building blocks. Each tree is 
constructed from a sequence of identical wye junctions, reduced in overaU size by 
a factor of two at each successive level, joined by a short linear channel to 
matching aims that restore die direction of sanqjle motion. Thus, only a few 
fundamental channel shapes are needed to construct a wide range of complex 
geometries. These building-block geometries can be scanned m from die figures 
presented here, digitized, and accurately scaled to die particular sizes needed in 
15 preparing Udiographic masks for any microchannel device. Similarly, die total 
dispersion induced by aiiy such composite device can be readfly calculated from 
die known contributions of die fimdamoital turns and junctions. 

Finalfy. die geometries of bodi die low-dispersion turns and junctions 
presented here are not readily discerned by experimental means. To obtain just a 
single optimized geometry requires several hundred realizations of sanqile 
tran^rt dirough candidate turns or juiictions, and each con^tational realization 
of a candidate geometry is equivalcm to a single e;q)eriment. As a result, it is 
unlikely diat geometries matching die dispersion performance of diose described 
here could be obtained by experimental mediods alone. In die course of designing 
25 just tiiose geometries shown here, over 5000 such realizations weic computed. As 
a result of dus unique design process, die normalized variance. L*^{t^af, does 


20 
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not exceed 0.01 for any of the low-dispersion turns and junctions shown here. 
The largest value. L*= 0.0071. was produced by die low-dispersion 180 degree 
turn shown in Fig. 6. Other realizations, such as die 45 degree turn of Fig. 8 and 
the 22.5 degree junction of Fig. 12 produce much smaUer normalized variance of 
only L*=0.0024 and 0.0023. respectively. These levels of dispersion are. in all 
cases, at least 75 dmes smaUer dian that of the corresponding conventional turns 
and junctions. Moreover, in most cases the dispereion is reduced by more dian a 
factor of one hundred. 


Although only preferred embodiments of the invention are specifically 
10 disclosed and described above, it will be appreciated diat many modifications and 
variations of the presem invention are possible in light of the above teachings and 
within die purview of the appended claims widiout departing from die spirit and 
intended scope of die invention. 
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What is claimed is: 

1 . A low-dispersion device for turning the direction of transpon of a 
moving sample that comprises: a microchannel system comprising at least one 
turning channel having an inlet end and an outlet end, wherein the niming channel 
comprises contraction and expansion regions such that a portion of the niming 
channel is constricted to'a width that is smaUer dum the widths of the inlet and 
outlet ends; 

2. The device of claim 1 wherein die niming channel has substantially 
rectangular cross-sections. 

3. The device of claim 1 wherein die niming channel has a depdi that 
is substantially uniform. 


4. The device of claim 1 wherein die aiming channel has an uKhided 
angle of greater dian 10 degrees. 

5. The device of claim 1 wherein die aiming channel has an mcluded 
15 angle equal to about 45 degrees. 

6. The device of claim 1 wherein die aiming channel has an inchided 
angle equal to about 90 degrees. 

7. The device of claim 1 wherein the oiming channel has an included 
angle equal to about 180 degrees. 

W 8. The device of claim 1 wherein die constricted portion of tbs aiming 


SNSOOClO cWO 0065337A1 ( > 


wo 00/(5337 


PCT/USOO/09722 


10 


15 


-34- 

channel has a width that is between 20% and 80% of the width of 


the inlet end. 


9. '""■feviceofcl.imlwlHOTtod.ecoaracto.a.rfexpmskM 
region have a„ b«„«. ^ fi„ ^ ^ ^ ^ ^ 

10. Tl«'levic. of claim lwl«,eta the conlractiona,«ie;,paiistoo 

reipo^deftoe i»»«»d««er wall, of .he ■mUng channel dm are subsa^iaU, 
equal in lengdi. 

11. TTie device of claim 1 wherein die outer waU of the turning channel 
composes linear segments at the inlet and oudet ends joined by an arc of fixed 
radius spanning the included angle of the turning channel, and wherein d« mner 
wall Of the mming channel is configured to form the contraction and expansion 
regions. 


12. The device of claim 1 wherein the comraction and expansion 
regions extend into the turn. 


13. TTtt device of claim 2 wherein the angular span of die constricted 
portion of die turning channel is less than die included angle of the aim. 


14. TTie device of claim 1 wherein die comraction and expansion 
regions and die constricted portion of die turning chamiel are configured such diat 
sample motion dirough die aiming chamiel produces a sample profile having a 
20 normalized 

variance. Z,*»(o/«)» fluit is less dian about 0.01, wherein is the spatial 

variance oftiiesampleprofileatdieoudetendofdie mming cham«landfl is die 

widdi of the inlet end. 
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15. The device of claim 1 wherein a portion of the microchannei system 
comprises a separation matrix disposed therein. 

16. The device of claim 1 further comprising at least two channel 
segments each defining a substantially linear path, wherein at least two linear 

5 channel segments are joined by a turning channel. 

17. The device of claim 16 wherein the turning channel has an included 
angle that is greater than about 90 degrees. 

18. The device of claun 16 wherein the turning channel has an included 
angle equal to about 180 degrees. 

10 19. The device of claim 16 wherein at least one linear channel segment 

comprises a separation matrix disposed dierein. 

20. A low-dispersion device for dividing a sanq)le Oat comprises: a 
microchannei system comprising at least one branching junction haviiig one inlet 
end and at least two outlet ends, wherein the branching junction conq^rises 

15 contraction and expansion regions such that a portion of the branching junction is 
constricted to a width that is smaller than the md± of at least one outlet end. 

21. The device of claim 20 wherein the branching junction has 
substantially rectangular cross-secdons. 

22. The device of claim 20 wherein the branching junction has a depdi 
20 that is substantially uniform. 
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23. The device of claim 20 wherein a portion of the branching junction 
is constricted to a width that is smaller than the width of at least one oudet end. 

24. lUe device of claim 20 wherein die incliided angle between die inlet 
end and at least one oudet end is greater dian 10 degrees. 

25. The device of claim 20 wherem die included angle between die inlet 
end and at least one oudet end is about 22.5 degrees. 

26. The device of claim 20 wherein die included angle between die inlet 
end and at least one oudet end is about 45 degrees. 

27. The device of chum 20 wherein die included angle between die inlet 
10 end and at least one oudet end is about 90 degrees. 

28. The device of chiim 20 wherein die cc^tricted portion of die 
branching junction has a widdi dmt is between 20 % and 80% of die widdi of die 
oudet end. 

29. The device of claim 20 and wherein die contraction and expansion 
15 regioiishavelengtiisdiatarebetweenoneandfivetimesdiewiddiofdieinletend. 

30. The device of claim 20 wherein die joining of adjacent junction 
walls interior of die oudet ends defines a cusp. 

31. The device of claim 20 wherein die contraction and expansion 
regions of die branchii^ junction define a first distance of travel along one outer 

20 juactionwaU and a second dismce of travel starting at tfescgnie? OIF teiri^ 
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and proceeding along the junction wall interior of one outlet end, wherein the first 
and second distance of travel are substantially equal. 

32. The device of claim 20 wherein the constricted portion and 
contraction and expansion regions are configured such that the sample motion 

5 through the branching junction produces a sample profile having a normalized 
variance. L*^(<r/a)\ that is less than about 0.01. wherein is the spatial 
variance of the sample profile at one or more outlet ends and a is the width of the 
inlet end. 

33 . The device of claim 20 wherein a portion of the microchannel 
10 system comprises a separation matrix disposed therein. 

34. The device of claim 20 con^rising first, second, and third 
branching junctions and at least two aiming channels wherein the outlet ends of die 
first branching junction are joined by turning channels to die inlet ends of tte 
second and third branchiiig junctions. 

35. The device of claim 34 wherein die branching junctions and turning 
channels conq)rise a separation matrix disposed therein* 

36. A low-dispersion device for joining two or more samples that 
comprises: a microchannel system con^)rising at least one confluence junction 
having at least two inlet ends and one oudet end, wherein the confluence junction 

10 con^rises contraction and expansion regions such that a portion of die confluence 
junction is constricted to a widdi that is smaller dian die width of at least one mlet 
end. 
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37. An apparatus for analyzing chemical or biological samples 
containing a plurality of species that comprises: 

a substrate fabricated to defme a microchannel system disposed therein, the 
microchannel system comprising at least one turning channel having an inlet and 
an ouUet end. wherein the turning channel comprises contraction and expansion 
regions such that a portion of the mming channel is constricted to a widfli diat is 
smaller dian the width of the inlet and oudet ends; 

means for introducing a sample into die microchannel system; 

means for separating die sample into rwo or more compoiienis; and 

means for detecting the two or more different components. 

38. The apparanis of claim 37 wherein die separation means comprises 
electrodes and an electric controller used to create a voltage gradient along some 
portion of the microchannel system in order to cause species separation by 
electrophoresis. 


39. The ^aratus of claim 37 wherein die separation means comprises 
electrodes and an electric controller used to create a voltage gradient along a 
portion of the microchannel system in order to cause electroosmotic flow and 
species sqmation by chromatography. 

40. The appzntas of claim 37 wherein the separation means comprises 
aiqilied pressures used to create a pressure gradient along some portion of die 
microchannel system in order to cause fluid motion and species separation by 
chromatography. 


25 


41 . The apparatus of claim 37 wherein at least a portion of the 

microchannel system comprises a separation matrix disposed tbeE^ia. 
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42. The apparatus of claim 37 wherein the substrate material is selected 
from the group consisting of silicon, sUicon compounds, silicone, glass, and 
polymers. 

43. The apparatus of claim 37 wherein in the microchannel system is 
S embossed into die substrate. 

44. The apparatus of claim 37 wherem die microchannel system is 
etched into die substrate. 

45. The ^aratus of claim 37 wherein die substrate is injection molded 
to form die microchannel system. 

46. A mediod for analyzing chemical and biological sanq)les by 
separating a sample into two or more conqwnent species wherein die mediod 
conq>rises die steps of: 

providiitg an apparatus conq)rising a microchannel system, die 
microchannel system comprising at least one turning channel having an inlet end 
andanoudetend, wherein die mming channel comprises contraction and 
esqiansion regions such diat a portion of die turning channel is constricted to a 
widdi diat is smaller dian die widdis of die inlet and oudet ends; 
introducing a sample into die microchannel system; 
sqnrating the sample into two or more conq)onents; and 
detecting the two or more different components. 

47. The method of claim 46 wherein the stq) of separating the sanq)le 
causes die sample to travel dirough die microchannel system and turnin g chanw*! 
to form one or more discrete bands and whereby die bands exhibit Kgligible 
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dispersion as they travel through the turning channel. 

48. A low-dispersion microchannel device for tuniing the direction of • 
transpon of a moving sample comprising: a turning channel having an inlet end 
and an oudet end, wherein the mming channel comptises a n^on in which the 
cross-sectional area is smaller dian that of the mlet end. 

49. A low-dispenion microchannel device for dividing a sample 
comprising: a branching junction having one inlet end and at least two outlet ends, 
wherein die branching junction comprises a region m which the cross-sectional 
area of the channel is smaUer dian diat of at least one oudet end. 

50. A low-dispersion microchannel device for joining two or more 
subsamples conq)rising: a confluence junction having two or more inlet ends and 
one oudet end. wherein die confluence junction comprises a region in which the 
cross-sectional area of the channel is snianer than diat of at least one inlet end. 
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